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Magnetic surface phase of thin helimagnetic films
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We study the magnetic phases of a thin helimagnetic film, withcthgis along the normal to the surface,
in the presence of a dc external figtdparallel to thec axis. For small values dfl we have found a conical
phase, as in the bulk, with small modifications near the surfaces. This surface modified conical phase collapses
into a planar structure, the c-fan phase, whtis greater than a threshold valt . The c-fan phase consists
of a magnetic pattern in which the magnetic moments are in a plane perpendicular to the surface, containing
one of the easy directions of the basal plane. We show that the c-fan phase does not form in the bulk and
present results for By thin film near the Nel temperature.
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The rare-eartHRE) elements exhibit a reach variety of netic phase$!~'” These studies rely on the details of the
magnetic phases, either resulting from thermal effects or inmagnetic order of thin RE films composing the multilayer.
duced by external magnetic fields. Their magnetic properties Size effects may produce relevant modifications in the
result from the exchange interaction of the localizécefec-  known magnetic phases of RE elements. Finite size and
tronic magnetic moments, mediated by the conduction elecproximity effects become more important for thin films, be-
trons, and the crystal field effects? cause the near surface spins represent a non-negligible frac-

Multilayers made of RE films interleaved with layers of jon of the spins in the film. In a recent study b films, it

magnetic or nonmagnetic mate_rials, have attracted a gregfas found that the helical order is stable even for films with
deal of research effort recenfiy? The interaction of the .1 ness of the order of the helix peridd,

magnetic layers has often been the focus of investigations. In In the bulk helimagnetic phase, spins in a given basal

this regard the coherence of the magnetic structure has dﬁTane order ferromagnetically, and a constant turn angie

served considerable attentith. kept between the spins in neighboring planes. The magnetic

Experimental reports oDy/Y superlatticeS-* revealed tructure can be seen as a chain of spins, each representin
that the magnetic order propagates coherently through th . . OF SpIns, P 9
e magnetic moment per lattice site in the basal pfdhie.

nonmagnetic films with a coherence length of several supert—

lattice periods. Different results were reported on the RN films, with surfaces perpendicular to tbexis, the mag-
etic moments in a given basal plane remain equivalent, as in

superlattices comprising magnetic elements with compe’[in&rfh ) - >
anisotropies, such d$0/Er.? It was shown that the order- e bulk helical order, although the magnetic moments in

ing of the Er layers tends to destroy the coherence of thedifférent planes are not equivalefit® In the neighborhood
ordering in the basal plane. of the surfaces the spins are softer due to the reduction in the

The superlattice effects found in the response of a REocal coordination of the atoms.
multilayer to static external fields are to a great extent gov- Finite-size effects on thin helimagnetic films, subjected to
erned by the intrinsic properties of the RE films. New mag-external field in the basal plane, have been the subject of
netic states were reported from the interpretation of fieldecent works®*°It has been showr that the reduced coor-
cooling experiments iMy/Gd superlattices. The new mag- dination near surfaces may favor the nucleation of the helifan
netic states were found to emerge from the intrinsic properphase. In the helifan phase the magnetic structure comprises
ties of the components and the interaction betweermortions of the fan phase and helix phase following each
layerst*1S other in a periodic wa$®?! The surface nucleation of the

Thin-film properties were studied from the field induced helifan was attributed to the existence of softer spins in the
loss of magnetic coherence Dy/Y superlattices near the near surface regiol.
Neel temperaturé” The loss of coherence was attributed to a I this paper we discuss the effect of external field
disorder in the arrangements of untwistBy helices in-  applied along the axis, in the magnetic structure of a thin
duced by a small external fieldH(=0.15 T). The value of Dy film. The action of ac axis external field on the bulk
the effective coupling betweedy films was estimated to be helical order is to produce a conical arrangement of the
of the order of 10'° ergs. This value is one order of mag- spins, as sketched in Fig(al. In thin films the lower coor-
nitude smaller than the exchange interaction withinEhe  dination in the near surface region leads to modifications in
film.* The field dependence of the helical state was investithe conical order. These effects are stronger when the planar
gated. ForH>0.55 T the increase in magnetization was at-anisotropy is weak. Thus we study the magnetic phases near
tributed to field effects in the helical order of tBey films.**  the Neel temperature.

The RE multilayers have so far most commonly been We have found that for small values dfa surface modi-
grown along thes axis and the investigation often focuses onfied conical phase is formed, where the projection of the
the interface or superlattice effects on the basal plane magnoments in the basal plane follows the helical order and the
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FIG. 1. Schematic representation of the magnetic structure when 0 6 12 18
a thin helimagnetic film is subjected to an external field alongcthe 0

36 9 12 15 18

axis. (a) The bulk conical phaséb) The thin-film c-fan phase.
@ phasgb) P | ayer

polar angle is not uniform. Instead, near the surfaces there is FIG. 2. Polar angle®, for a 18 monolayers thicBy film, in

a reduction of the polar angle compared to the value in theéhe absence of a field and for fielts=3 T andH=8 T applied

center of the thin film. along thec axis. In the inset we show the angles. The projection
Above a critical value of the external fielth*, the sur- in the basal plane is a helical pattern slightly modified near the

face modified conical phase collapses into a planar structuresprfaces.

that we call c-fan, which resembles the fan phhse.the 1 .

c-fan phase the magnetic moments are in a plane containing150° K.~ We also use a small hexagonal anisotropy en-

the ¢ axis and thea axis, as sketched in Fig.(H). In this ergy, two orders of magnitude smaller than the planar anisot-

phase the polar angle of the magnetic moments of successiV@PY as fOUQd for the bulk: R

atomic planes oscillate with an amplitude which decreases as We use|S(n)|=S, so that the components &(n) are

the external field increases. The period of the structure is tha,(n) = Ssin(f,)cos(p,), Sy(n)=Ssin(#,)sin(¢,) and S,(n)

of the helix. =Scos@,), whered,, and ¢, are the angles with the axis
We use a self-consistent local-field model which incorpo-and x axis. The equilibrium configuration is the profile
rates the surface modifications in the exchange field and hd®,,¢,;n=1, ... N} that minimizes the magnetic energy.

been previously usét’**in the study of the magnetic |n equilibrium the torque on every spi(n) is zero{3(n)

. . . 19 N
ph?/\s/es ofdmlulﬂlayslrzsf?nd RE thin Tﬁ% _ | X[dH/aS(n)]=0}. We have found that for a given value of
e model the lim as a stack of atomic Monolayers,,q exiernal field there are several profiles that fulfills this

infinitely extended in thex-y directions. Each monolayer is o, qition. The equilibrium profile is selected as that which
exchange coupled with the first and second neighbor moncb'ives the lowest energy.

layers. The anisotropy is uniform throughout the film and the The spins of the first two planes near the surfaces (
near surface spins have reduced exchange energy. The magy oN—1 and N) are directly affected by surface effects.

netic Hamiltonian is given by However, the lack of coordination near the surfaces may be
felt by spins deep inside the film. We have found that surface

N-1 N-2 effects are not restricted to the surface layers. The number of
H=-J;> S(n)-S(n+1)—J, >, S(n)-S(n+2) monolayers modified by the surface effects depends on the
n=1 n=1 way the effective local-field relaxes towards the bulk pattern
N in the middle of the film.
+ DS2(n) + K8sin 88cog 60.) — vS(n) - HY. In Fig. 2 we show the magnetic profiles for external field
nzl{ S +Ke 10 6n) = YS(n)- Hj strength below the threshold valuet HThe curves are for

1) H=0, H=3 T, andH=8 T. The angular profile in the
basal plane is the same for the chosen valugd ahd con-
sists in a helix with small modifications near the surfaces.

J, andJ, describe the exchange interaction between the The values of the angles in basal plang, (n=1,N) are

nearest and next-nearest monolay&()) denotes spins in Shown in the inset and the undistorted helix sections corre-
the nth monolayer andyé(n) is the magnetic moment per spond to straight lines in the figure, indicating a constant turn

layer.D and Kg describe the planar and hexagonal anisotro-angle 'between 'the pIane's. The polar ar@eproﬂle, how-
. . ) ever, is not uniform as in the bulk conical phase. For
pies andH is the external field. =3 T the center of the film is in a slightly modified conical

Surface effects are incorporated in the model since th@nase and the surfaces exhibit oscillationséin. For H
spins near the surfaces have the exchange energy reduced by T the whole film is affected by surface effects. For larger

the absence of nearest and/or second nearest neighbors. \N& s ofH the oscillations ing,, are stronger and the order
use theDy bulk energy parametétfor temperature close to in the basal plane is modified.

the 7’;‘;@ temperature: J,=6.07x 107223, J,=—2.07 In Fig. 3 we show the angles corresponding to the mag-
X107 J,D=0.24<10 " J, with S=5/2. We take the ab- pnetic profile for H>H*. In this figure it is seen that the

solute value ofyé(n) as 4.0ug as found for theDy ions in  projection of the spins in the basal plane no longer follow the
weakly coupledDy films in Dy/Y superlattices forT helical order. Instead, the moments lie in a plane, corre-
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40 5 - um(Hy—H) @
& 2[3J(q)—2J3(0)—J(2q)+6D]S?’
© 30r i with
8’ -180 2
S ool 04 81216 #Ho=[3(q)—J(0)+2D]S", (4)
§ where u is the magnetic moment per ion and(q)
10¢ =231 ,2J,c0s00).
The energy of the magnetic phase described by (Ex.
0 referred to the energy of the conical phase is given by
0 4 8 12 16 4 o) o
Layer . 1(SH)? (D—Sstm 5[1+2 cosq] )S
FIG. 3. Polar angle#, of a 18 monolayers thicBy film. The a 2H, .49 AP ’
curves correspond tbl=16.15 T,H=16.65 T, andH=16.85 T. pHo+ D_8‘]2S'n4§[1+2 cosq]?|S
In the inset we show the angles, with the a axis. The magnetic (5)

moments are in a plane containing thaxis and thea axis. . .
P 9 where SH=H,—H. Since J,<0 and D>0 the conical

sponding in the figure to=0° ande= —180°, which con- phase has lower energy for any value tbf Therefore the

tains thea axis and the axis. The polar angle profile display C-fan phase does not exist in the bulk.

oscillations whose amplitude gradually decrease as the exter- NOt€ that the transition to the c-fan phase involves a rel-
nal field strength is increased. The transition to the c-farfVant change of symmetry. For small field strength the mag-

phase produces a relevant change in the slope of the magrfé@tic pattern is almost invariant under a rotation of the sys-

tization curve. The static susceptibiligy= M, /oH drops as (€M around the-axis. This is not the case in the c-fan phase,
seen in Fig. 4. because all the magnetic moments lie in the same plane.

For theN=18 layers filmH* =16 T and is lower than the Thus this phase transition might be a subject for experimen-

value of field Hy=17.56 T) which in the bulk would pro- @ ISt“ﬁ'eS with rg“/t:;’” Scatlte”_”g- Cdan
duce saturation of the magnetization. We have foundkiiat n the case oDy/¥ superlattices one may find an inter-
decreases for thinner films. esting situation if the effective coupling between the mag-

In order to investigate the existence of the c-fan phase iﬁ‘etic fi_Im_s is small Comp&?fed to the intrinsic exghange en-
the bulk, we follow Nagamiya,considering a magnetic pat- ergy within the magnetic films. The c-fan phase is threefold

tern where the moments are in a plane containingatais degenerate since any easy direction in the basal plane is
and thec axis. We take equally good for the formation of the c-fan. Thus one may

find a long-range coherence of the c-fan phase across the

bn superlattice or not depending on the value of the Zeeman
sin( —) =2&(H)sin(nq), (2)  energy per RE film compared to the effective coupling be-
2 i - .
tween the RE films. A similar reasoning has been used to
whereq is the helical wave number arg{H) is the ampli-  interpret the unusual magnetization proces®gfY super-
tude of the oscillations of the angles, with the c axis. lattices with the external field applied in the basal pl&he.

In the limit of small amplitude, the magnetic energy per We have used free surface boundary conditions and the
helix is a biquadratic function of(H). Minimizing the en-  values of the parameters in the magnetic hamiltonian are
ergy we find appropriate for fitting experimental data of bulk Dy. The ac-
tual value of the parameters for thin films may depend on
size and proximity effects, either in the case of RE thin films
in superlattices or trilayers such as tNéRE/Y system'!

- However, this should not impact our predictions seriously
0.04- since the key features for the nucleation of the c-fan phase
are the small value of the planar anisotropy compared to the
= r exchange energies and the reduction in the exchange energy

0.02- near the surfaces. These conditions are likely to be fulfilled
for weakly coupled thinDy films in superlattices or in
trilayers.

0.0 I s I Kg is too small and its value does not affect the value of
0.8 1*-0 12 H*, however, it is important to set the structure of the c-fan.
HiE We have examined the effect of reducing the hexagonal an-

FIG. 4. Static suscpetibility of an 18 monolayers thizk film.  1S0tropy and found that the c-fan state turns highly degener-
The external field is shown in units &f* and y is shown in units ~ ate in the limit of low values oKg, since the directions in
of Mg/H*, whereMg is the saturation moment. Fét=H* there  the basal plane become equivalent. K§=O the conver-
is a clear reduction in the static susceptibility. gence of the numerical algorithm becomes very slow, how-

0.0
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ever the c-fan state nucleates at the same external fielthe magnetic structure in response to a dc external field ap-
strength H* =16 T) and no visible change is seen in the plied parallel to thec axis.

static susceptibilityFig. 4). The planar anisotropy decreases rapidly near thel Ne
We have also made numerical simulations of the bulkemperature. We have found that for smaller valueB dhe

response, by imposing cyclic boundary conditions so that alinreshold field is reduced. Fd=0.24x10 26 J we have

the planes of the film turn to be equivalent. This was dongound H* =7.7 T. Reducing further the value &f leads to

with slightly different energy parameters so that the helix isyq appreciable changes in the valuet.

commensurate with the lattice. We have found that the mag-

netic phase is the bulk conical state for any valueHof We are greatly indebted to Professor R. J. Elliott and Dr.

without the nucleation of the c-fan, confirming the predictionN. S. Almeida for interesting discussions which stimulated

of Eq. (5). Thus the c-fan is a genuine thin-film phase, thatour interest in the problem. This research was partially sup-

results from the inhomogeneous overall accommodation oported by the CNPq.
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